Many plants,
library was screened with oligonucleotide probes corresponding to amino acid sequences of two peptides prepared from purified BADH. The authenticity ofthe done was confirmed by nucleotide sequence analysis; this analysis demonstrated the presence ofa 1491-base-pair open reading frame that contained sequences encoding 12 peptide fragments of BADH. The done hybridized to a 1.9-kilobase mRNA from spinach leaves; this mRNA was more abundant in salt-stressed plants, consistent with the known salt induction of BADH activity. The amino acid sequence deduced from the BADH cDNA sequence showed substantial similarities to those for nonspecific aldehyde dehydrogenases (EC 1.2.1.3 and EC 1.2.1.5) from several sources, including absolute conservation of a decapeptide in the probable active site. Comparison of deduced and determined amino acid sequences indicated that the transit peptide may comprise only 7 or 8 residues, which is atypically short for precursors to stromal proteins.
Higher plants from several families (e.g., Chenopodiaceae, Poaceae, Asteraceae) accumulate the quaternary ammonium compound betaine in response to salt stress or water deficit (1). Much evidence indicates that in plants and in other organisms, betaine acts as a nontoxic or protective cytoplasmic osmolyte, allowing normal metabolic function to continue in cells at low solute potential (2) (3) (4) . These findings have focused interest on the betaine synthesis pathway and the corresponding genes, in relation to the regulatory mechanisms involved and to possible genetic engineering of stress resistance (5) .
Betaine is derived in plants, as in other organisms, by a two-step oxidation of choline (1). Both of these steps occur in the chloroplast (6) . Betaine The second step is catalyzed by a betaine-aldehyde dehydrogenase (BADH, EC 1.2.1.8) that appears to be substratespecific and to prefer NAD+ as electron acceptor (7) (8) (9) (10) . In spinach (Spinacia oleracea L.) leaves, -90%o of the BADH activity is localized in the chloroplast stroma, with the remainder apparently in a minor cytosolic isozyme (10, 11) .
The stromal enzyme has been purified to homogeneity (7, 12) ; it is a dimer of identical subunits of Mr 60,000-63,000, encoded by a single nuclear gene (11) . Consistent with causing accumulation ofbetaine in salinized plants, salt stress increases the levels of BADH activity (10, 13) , BADH protein, and translatable BADH message in spinach (12) . To investigate this stress-induction process further, and as a step toward molecular genetic manipulation of the betaine pathway in plants, we have isolated cDNA clones encoding spinach BADH. The deduced amino acid sequence shows that BADH is structurally related to nonspecific aldehyde dehydrogenases (ALDH), and indicates that the transit peptide is unusually short. § MATERIALS AND METHODS Plant Material. Spinach (S. oleracea L.) cv. Savoy Hybrid 612 (Harris Moran Seeds, Rochester, NY) was used for all experiments; this cultivar carries the slow (S) allele of BADH (11) . Plant growth conditions were as given previously (11) . For salinization treatments, NaCl concentration was raised gradually to a final concentration of 200 mM, as described (10) . Total RNA and poly(A)+ RNA were isolated from leaves of control and salinized plants (12) . Salinization did not affect the yields of total RNA and poly(A)+ RNA. The latter was not contaminated with ribosomal RNA, as judged by ethidium bromide staining following electrophoretic separation.
Amino Acid Sequence Analyses. BADH was purified to homogeneity (12) and desalted by reverse-phase HPLC using an Aquapore phenyl column (2.1 x 30 mm; Brownlee Laboratory) eluted with a linear 0-90%o gradient of acetonitrile/ 2-propanol, 1:1 (vol/vol), in 0.1% trifluoroacetic acid. For reduction and alkylation, the protein was incubated in 6 M guanidine hydrochloride/i M Tris HC, pH 8.6/10 mM EDTA/20 mM dithiothreitol for 1 hr at 370C (14); 4-vinylpyridine was then added to 50 mM, and the incubation continued for 1 hr at room temperature (15 *To whom reprint requests should be addressed at * address. §The sequence reported in this paper has been deposited in the EMBL/GenBank data base (accession no. M31480).
2745
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (16) , and deletion subclones were generated (17) . Single-stranded deletion subclones were sequenced by the dideoxynucleotide chain-termination method (18) . A similar subcloning strategy was used to completely sequence the insert (1.8 kb) of the clone isolated by using the 0.64-kb EcoRI fragment as a probe. DNA sequence analysis indicated that the BADH insert of this second clone was derived from the same mRNA species as the first. RNA Blot Analysis. Poly(A)+ RNA isolated from control and salinized spinach plants was denatured, subjected to electrophoresis (2 ,ug per lane) in formaldehyde/1.5% agarose gels (19) , and transferred to nitrocellulose. Filters were hybridized with the 0.64-kb EcoRI restriction fragment labeled with 32P by the random primer method (20) . After autoradiography, radiolabeled bands from RNA gel blots were cut out, and the 32P activity was assayed by scintillation counting.
RESULTS
Isolation and Characterization of a BADH cDNA Clone. When the two pairs of oligonucleotide probes were tested by blot hybridization analysis against poly(A)+ RNA from control and salinized plants, all four probes hybridized to several discrete mRNA species. However, only probes 1A and 2T hybridized to an =1.9-kb mRNA species whose level was higher in salinized plants (data not shown). Because this size and salt-inducibility are consistent with expectations for BADH mRNA (12), these two probes were used to screen the cDNA library.
From 240,000 independent transformants screened, only one clone was identified that hybridized with both probes. This clone contained an 1812-base-pair (bp) cDNA insert ( Fig. 2) (21) . Therefore, the sequence of the cDNA insert contains 67 nucleotides of the 5' noncoding region, a coding region of 1491 nucleotides, and 239 nucleotides of a 3' noncoding region. The 3' noncoding region includes a putative polyadenylylation signal (AATAAA) 120 nucleotides upstream from the poly(A) tail (Fig. 2) ----LE Proc. Natl. Acad Sci. USA 87 (1990) (Fig. 2) . The deduced amino acid sequence contains segments matching the sequences determined for 12 peptide fragments of purified BADH (Fig. 2) . In addition, the nucleotide sequence at positions 827-856 encodes the decapeptide Val-Thr-Leu-Glu-Leu-Gly-Gly-Lys-Ser-Pro (Fig. 3) , which is highly conserved among general ALDHs (22) . The calculated molecular weight of the 497-residue polypeptide is 54,267. This value is typical of ALDH subunits (22) (12) . The estimates of 60,000 (7) or 63,000 (12) obtained for the BADH monomer by SDS/PAGE are clearly higher. However, the magnitude of the discrepancy for BADH lies in a range attributable to the influence of the primary structure of a particular protein on the amount of SDS it binds (30) .
M A F P I P A R 1 CGTTGCGTGCTCGCCTTACCCTCTCAACTCAATTTCTTCAACCCAATTTCTTCGCATTTAACCAAGAATGGCGTTCCCAATTCCTGCTCG Q L F I D G E U R E P I K K N R I P V I N P S T E E I I G D 91 TCAGCTATTCATCGACGGAGAGTGGAGAGAACCCATTAAAAAAAATCGCATACCCGTCATCAATCCGTCCACTGAAGAAATCATCGGTGA I P A A T A E D V E V A Y V A A R R A F R R N N W S A T S G 181 TATTCCGGCAGCCACGGCTGAAGATGTGGAGGTTGCGGTGGTGGCAGCTCGAAGAGCCTTTAGGAGGAACAATTGGTCAGCAACATCTGG A H R A T Y L R A I A A K I T E K
The deduced BADH amino acid sequence was compared with deduced or determined amino acid sequences for the ALDHs listed in Fig. 3, using Expression of BADH mRNA. RNA blot hybridization of poly(A)+ RNA isolated from control or salinized spinach leaves showed a single transcript of -1.9 kb (Fig. 4) . The signal was 2-fold greater in the sample from salinized tissue, indicating that BADH mRNA accumulates in response to salt stress. This is consistent with the increased level of translatable BADH message in salinized spinach leaves (12) and the accompanying rises in BADH enzyme activity (10, 13) and BADH protein (12) .
DISCUSSION
The matches between deduced and directly determined amino acid sequences, distributed throughout the open reading frame, confirm the authenticity ofthe BADH cDNA clone reported in Fig. 2 . The cDNA insert approaches the size of the BADH message (1812 bp and =1.9 kb, respectively), indicating that the clone is near full-length. This inference is supported by the presence of 5' and 3' noncoding regions, the latter terminating in a poly(A) tail.
The major spinach BADH isozyme is located in the chloroplast stroma (10) and is encoded by a nuclear gene (11) . As for other nuclear-encoded chloroplast proteins, stromal BADH is thus expected to be synthesized as a larger precursor containing an amino-terminal transit peptide (31) . Earlier experiments with in vitro translation ofBADH mRNA showed that the primary translation product of BADH is indeed larger than the mature peptide, but only by about 1.2 kDa (12) . Assuming that the mature peptide is not posttranslationally modified, this result predicted a transit peptide of '10 amino acid residues, which is exceptionally short for a protein imported into the chloroplast (31) . The Fig. 1. amino acid sequence and the heptapeptide fragment GlnLeu-Phe-Ile-Asp-Gly-Glu only 8 amino acids after the predicted ATG initiation codon. The heptapeptide was generated by tryptic digestion of intact BADH protein, which has a blocked amino terminus. Cleavage would have occurred between glutamine and the preceding arginine residue had the a-amino group of the latter been acylated. An economical interpretation of the above data is that the transit peptide of BADH comprises the short fragment Met-Ala-Phe-ProIle-Pro-Ala and that the amino terminus of the processed stromal BADH monomer is a blocked arginine residue. Were this so, the BADH monomer would have a calculated molecular weight close to 53,540.
Specific BADHs have been identified in microorganisms (32, 33) and mammalian liver (34) , but amino acid sequences are not available either for these or for other substratespecific ALDHs. It has thus not yet been established whether such specialized ALDHs are structurally related to ALDHs of broad substrate specificity (EC 1.2.1.3 and 1.2.1.5), or whether they are distinct (35) . It is therefore interesting that our comparisons between spinach BADH and a variety of nonspecific ALDHs demonstrated structural similarities consistent with a common evolutionary origin, despite differences in their physical and functional properties. Thus, BADH is a dimer; it has little or no activity against small aliphatic or aromatic aldehydes, and prefers NAD+ to NADP+ (8, 10) . On the other hand, mammalian ALDHs are generally tetramers that oxidize a range of aliphatic aldehydes using NAD+ as coenzyme, although the rat hepatoma ALDH is a dimer that prefers aromatic aldehyde substrates and uses NADP+ (22, 25) ; the A. nidulans ALDH oxidizes acetaldehyde and other small aldehydes using either NAD+ or NADP+ (36) . The case for an evolutionary relationship is strengthened by the conservation of the decapeptide and cysteine residue highlighted in Fig. 3 , and by the siting of these motifs in similar positions in BADH and the various ALDHs. The glutamic residue of the decapeptide and the cysteine located 34 residues from it have both been implicated in catalysis in the mammalian enzymes (22) . Sequences around the cysteine residue have been proposed to play a role in substrate specificity (22) ; the BADH primary structure will help identify target residues for modification by site-directed mutagenesis in tests of this idea.
The rise in the level of BADH mRNA in salinized plants could result from stress-enhanced transcription or greater mRNA stability; there are precedents for both these mechanisms from plant responses to other physicochemical stresses (37, 38 (41, 42) .
